The requirement for Zn++ in DNA replication by phytohemagglutinin-stimulated human lymphocytes was studied . When 6 µM o-phenanthroline, a chelator with a high affinity for Zn++, is added to cultures of stimulated lymphocytes a nearly complete inhibition of thymidine incorporation results within a few hours . In contrast, the incorporation of uridine is only slightly reduced and the incorporation of leucine is unaffected . m-Phenanthroline, a nonchelating analogue, does not alter the rate of thymidine incorporation even when present in 10-fold greater amounts than o-phenanthroline . The inhibition of thymidine incorporation by o-phenanthroline could be entirely reversed by the addition of Zn++ to the cultures, or could be prevented by the prior addition of either Zn++ or Ni++ . All other divalent cations tested were incapable of reversing the o-phenanthroline inhibition of thymidine incorporation .
INTRODUCTION
Recent studies indicate an obligatory requirement for zinc during DNA synthesis in animal cells . The incorporation of thymidine into DNA is impaired in livers of rats maintained on a zinc-deficient diet (1) : Zn++ appears to be required for the induction of DNA synthesis in kidney cultures (2) and in liver cells after partial hepatectomy of rats (3) as well as for the continuation of DNA synthesis in cultured chick embryos (4) . In addition, zinc is required for catalysis by Escherichia coli DNA polymerase 1 (5) . It is present in homogeneous preparations of DNA polymerases from E. coli, sea urchin nuclei (6) , and T4 bacteriophage (5) .
In order to understand the relationship between the requirement for zinc during DNA synthesis in vivo and its function in catalysis by purified polymerase, we have begun an investigation on the role of zinc in DNA replication during lymphocyte transformation . Human peripheral lymphocytes are well-differentiated cells which seldom divide in vivo . When these cells are placed in culture their quiescent behavior is continued .
However, the addition of mitogens such as phytohemagglutinin (PHA) to cultures of these cells leads to a series of metabolic alterations culminating in DNA replication with subsequent cell division (7) . Since this transformation occurs in culture, one can monitor and manipulate the events leading to DNA replication so as to probe the role of zinc in this replication .
In these studies we made use of the chelating agent, 1 ,10-phenanthroline (o-phen), and its nonchelating analogue, 1 , 7-phenanthroline (mphen) . The use of m-phen provides a control for determining which alterations in cellular metabolism can be attributed solely to the chelating properties of o-phen (6, 8 
Lymphocyte Cultures
Human peripheral lymphocytes were isolated from freshly obtained heparinized blood using nylon columns as described by Bach and Hirschhorn (9) . The purified lymphocytes were suspended at a concentration of 7 .5 X 10 5 cells/ml in Eagle's minimal essential medium (Spinner modification) supplemented with 20% dialyzed fetal calf serum, penicillin (100 U/ml), streptomycin (100 pg/ml), and L-glutamine (1%) . All of the constituents of the medium were obtained from Grand Island Biological Company, Grand Island, N . Y . The lymphocytes were cultured in quadruplicate in 5% C02 -95% air for the times indicated . Each culture (I ml) contained 7 .5 X 10 5 lymphocytes in 125-mm I6-X Falcon plastic culture tubes (Falcon Plastics, Los Angeles, Calif.) . At the start of incubation 0 .025 ml of phytohemagglutinin "M" (General Biochemicals Div ., Mogul Corp ., Chagrin Falls, Ohio) was added to each culture . The complete culture medium including serum contained 1-2 pM zinc as determined by atomic adsorption spectroscopy (5) .
Isotope Incorporation
Rates of RNA, DNA, and protein synthesis were measured by adding 0 .025 ml of a solution containing 2.5 uCi of either [ 3H]uridine, [methyl-3H]thymidine, or L-[ 3H]leucine (New England Nuclear, Boston, Mass.) to each culture 1 h before harvesting the cells . Incorporation of the radioactive precursor was terminated by adding 0 .1 ml of a solution containing 10 pmol of the corresponding unlabeled compound and chilling the cultures in an ice-water bath . The lymphocytes were harvested by centrifugation for 10 min at 2,500 g . Then they were washed by centrifugation in 2 ml of 0 .15 M potassium chloride and centrifuged again. The cell pellet was suspended in I ml of 0.15 M potassium chloride, frozen, thawed, and mixed with 2 ml of 0.5 N perchloric acid . The acid-insoluble precipitate was collected on glass fiber filters (GF/C) and counted in a Beckman liquid scintillation counter (Beckman Instruments, Inc ., Spinco Div., Palo Alto, Calif.) as previously described (10) .
RESULTS
Effect of o-Phen on DNA, RNA, and Protein Synthesis
The transformation of nondividing human lymphocytes into actively replicating lymphoblasts is accompanied by increases in the rate of RNA, protein, and DNA synthesis . The effects of o-phen and its nonchelating analogue, m-phen, on the rates of incorporation of labeled thymidine, uridine, and leucine are given in Table I . Cultures of lymphocytes were stimulated with PHA and 20 h later were exposed to either o-phen (5 µM) or m-phen (50 MM) . Subsequently, 3, 6, and 12 h later, the cells were incubated with each of the labeled precursors for 1 h and the rate of incorporation into an acid-insoluble precipitate was determined . The rate of thymidine incorporation was inhibited by 80% in 3 h by o-phen ; a 10-fold greater concentration of m-phen was without effect . Only after 12 h was the rate of incorporation of labeled uridine or leucine diminished in cultures treated with o-phen . Thus, the alteration brought about by o-phen seems to be associated with the chelating properties of the molecule and is primarily manifested as an inhibition of DNA synthesis .
Effect of o-Phen on DNA Synthesis
The influence of o-phen (6 µM) on the incorporation of thymidine during lymphocyte transformation may be seen in Fig . 1 . As previously indicated (10) stimulation by PHA of human lymphocytes for 60 h results in a 140-fold increase in the rate of incorporation of thymidine into DNA (Fig . 1, control) . Adding o-phen 40 h after PHA markedly reduces thymidine incorporation. In this experiment inhibition was nearly maximal in 4 h after the addition of o-phen and remained in effect until the experiment was terminated at 72 h . The effect of o-phen is primarily a function of the divalent chelating properties of this molecule since m-phen at a concentration about eightfold greater produced a much smaller effect on the incorporation of thymidine (Fig . 2) . The composition and aromaticity of the two isomers of phenanthroline are similar with the exception 0  24  36  48  60  72 HOURS AFTER PHA ADDITION FIGURE 1 The inhibition of thymidine incorporation by o-phen and the reversal by zinc . Lymphocytes were isolated and cultur^d as described in Materials and Methods . The cultures were exposed to [ 3H]thymidine for 1 h before harvesting . PHA was added at the start of the experiment, o-phen at 40 h, and zinc at 48 h . The concentrations given are that in the final culture medium . Each point represents the average incorporation of thymidine in five cultures . In cultures incubated without PHA for 60 h the incorporation of [ 3 H]thymidine was 140 cpm/culture.
THE JOURNAL OF CELL BIOLOGY . VOLUME 58, 1973 that m-phen cannot chelate metals while o-phen is able to do so effectively . We interpret the slight immediate delay in thymidine incorporation to manipulation of the cultures upon adding the phenanthroline ; after this delay the increase in the rate of thymidine incorporation in cultures containing m-phen parallels that in cultures without m-phen .
Reversal by Zinc
The extent of inhibition of thymidine incorporation relative to the amount of added o-phen is seen in Fig. 3 (Fig . 4) .
The degree of specificity of zinc in reversing the inhibition of o-phen was defined by measuring the effect of other divalent cations . Of those cations tested (Table II) 
Inhibition of Deoxycytidine Incorporation
It is possible that the inhibition of thymidine incorporation by o-phen does not represent a diminution in DNA synthesis but rather a specific effect on thymidine metabolism such as a decrease in the transport of thymidine into the cell or an inhibition in the specific phosphorylation of thymidine before its incorporation into DNA . However, the effect of o-phen is not restricted to thymidine ; it also inhibits the rate of incorporation of deoxycytidine (Fig . 5 ) and deoxyguanosine (data not shown) to the same extent as thymidine . Each of these precursors for DNA synthesis may have different cellular transport mechanisms and appears to be phosphorylated by distinct kinases (12) . The inhibition by o-phen suggests that it effects a step in DNA synthesis common to the incorporation of all three precursors .
Effect on Uridine Incorporation
The possibility of RNA serving as an initiator for DNA replication (13, 14) prompted us to study the effects of o phen on uridine incorporation in greater detail . In other studies it has been shown that the increase in the rate of uridine incorporation after PHA stimulation of lympho- cytes begins as early as 2 h (15) and reaches a maximum by about 3 days (16) . Fig . 6 shows the effect of exposing the lymphocytes to o-phen 40 h after PHA stimulation. The presence of 6 µM o-phen reduces the rate of uridine incorporation about 20% at 44 h, while at the same concentration o-phen inhibits thymidine incorporation by 80% at 44 h ( Fig . 1) . At 3 µM o-phen there is little if any alteration in the rate of uridine incorporation (Fig . 6 ), but the rate of thymidine incorporation was reduced 54% at 44 h (results not shown) . Even though synthesis of both RNA and DNA, as measured by the rate of incorporation of appropriate nucleosides, can be reduced by o-phen, DNA synthesis is much more susceptible to low concentrations of the compound .
DISCUSSION
Our studies indicate that the chelator, o-phen, can inhibit DNA synthesis in PHA-stimulated human lymphocytes and that this inhibition can be prevented or reversed by zinc. In contrast, m-phen, a nonchelating analogue at a 10-fold greater concentration is without effect . The most direct explanation is an obligatory participation of free zinc or zinc complexes in DNA replication . Zn++ has been shown to be required for the increase in DNA replication when rat kidney cells sensitive to the chelator, EDTA, suggests that (2) are explanted into culture and when rat Zn++ is required for an event before the onset of liver cells are stimulated to divide by partial DNA replication . A recent report of Chesters hepatectomy (3) . The time at which the cells are (17) using PHA-stimulated pig lymphocytes indi- Inhibition of deoxycytidine incorporation . 6 µM of o-phen was added to cultures of human lymphocytes 40 h after PHA stimulation . 1 h before harvesting 2 .5 µCi of [ 3 H]deoxycytidine was added to each culture and the amount of incorporation into an acid-insoluble precipitate was determined as described for thymidine incorporation with the exception that unlabeled deoxycytidine was used for terminating incorporation . cates that EDTA can inhibit thymidine incorporation and that this inhibition is most effective immediately before DNA synthesis . However, in our studies o-phen at a low concentration (6 12M) is completely able to prevent thymidine incorporation at a time when most of the lymphocytes are actively dividing, thus implying a direct interaction of the chelator with a target critical to DNA replication . In agreement with the latter interpretation are the experiments of Rubin with chick embryo cells (4) in which thymidine incorporation is markedly inhibited with high concentrations of EDTA (600 JIM), an inhibition which is reversed uniquely by zinc . These inhibitor studies demonstrate a zinc requirement for DNA replication but by themselves do not establish the exact nature of this requirement . The concentration of o-phen used in these studies is at least one order of magnitude less than that reported to be effective with other chelators in a variety of different cells (2) (3) (4) 17) . This could indicate that the structure of o-phen may be important for its effects with lymphocytes . However, since the inhibition of thymidine incorporation is not immediate, one can postulate that o-phen is concentrated within the lymphocytes . Our previous data on the inhibition of DNA synthesis in vitro (6) is compatible with the latter interpretation . In order to achieve a 50% reduction of DNA polymerase activity with extracts from stimulated lymphocytes we needed an excessive concentration of o-phen (1 mM), one which is much higher than that used in these studies to obtain complete inhibition of thymidine incorporation in cultures . The ability of zinc to reverse the inhibition of o-phen could indicate that free zinc is a cofactor in some enzymatic reaction involved in the synthesis of DNA or that o-phen binds to an active site on an enzyme or structural protein presumably containing zinc. The ability of Ni++ to prevent the inhibition of thymidine incorporation by o-phen would support the latter concept . Ni++ could act by complexing with o-phen and thus displacing it . However, in other studies Ni++ is reported ineffective in diminishing the effects of EDTA on DNA synthesis in pig lymphocytes (17) . We are unaware of evidence for a nickel metalloenzyme functioning in any capacity in DNA synthesis .
Even though the primary effect of o-phen is to inhibit the incorporation of thymidine, it also diminishes uridine incorporation . However, DNA synthesis can be entirely prevented in experiments under conditions in which total uridine incorporation is only marginally affected . The simplest explanation for the decrease in uridine incorporation is that it represents a separate effect at a different cellular site because of the lower sensitivity . Zinc has been found in E . coli RNA polymerase (18) . A similar enzyme may be present in the lymphocytes and could be inhibited by o-phen .
The stimulus for these studies was the kinetic experiments of Chang and Bollum suggesting a role for zinc in catalysis by the terminal deoxynucleotidyltransferase of calf thymus (19) and our direct demonstration of the presence of zinc in homogeneous DNA polymerases from E . coli, sea urchin nuclei (6) , and bacteriophage T4 (5) .
These enzymes can be inhibited by o-phen (6) . 
